Dyslexia is one of the most common learning disorders affecting about 5% of all school-aged children. It has been shown that event-related potential measurements reveal differences between dyslexic children and age-matched controls. This holds particularly true for mismatch negativity (MMN), which reflects automatic speech deviance processing and is altered in dyslexic children. We performed a whole-genome association analysis in 200 dyslexic children, focusing on MMN measurements. We identified rs4234898, a marker located on chromosome 4q32.1, to be significantly associated with the late MMN component. This association could be replicated in an independent second sample of 186 dyslexic children, reaching genome-wide significance in the combined sample (P = 5.14eÀ08). We also found an association between the late MMN component and a two-marker haplotype of rs4234898 and rs11100040, one of its neighboring single nucleotide polymorphisms (SNPs). In the combined sample, this marker combination withstands correction for multiple testing (P = 6.71eÀ08). Both SNPs lie in a region devoid of any protein-coding genes; however, they both show significant association with mRNA-expression levels of SLC2A3 on chromosome 12, the predominant facilitative glucose transporter in neurons. Our results suggest a possible transregulation effect on SLC2A3, which might lead to glucose deficits in dyslexic children and could explain their attenuated MMN in passive listening tasks.
Introduction
Dyslexia is one of the most prevalent learning disorders, affecting about 5-7% of school-aged children. It can have a large impact on the psychosocial development of the affected children, for example resulting in early school drop out or psychiatric disorders as a consequence of chronic experience of school failure. 1 Understanding its etiology is a critical step to develop efficient therapeutic strategies and remedial help for dyslexic children, adolescents, and adults.
Molecular genetic work has had a strong impact on the understanding of dyslexia. 2 So far, six candidate genes have been identified, four of which have a function in neuronal migration. 3 These genes are expressed in brain regions that show functional relevance for cognitive processes related to reading and spelling development.
Investigating brain functions using event-related potentials (ERP) reveals convincing evidence for altered cortical networks and neuro-cognitive functions in dyslexic individuals. [4] [5] [6] [7] [8] [9] [10] Recent findings report altered perception of speech sounds in bilateral superior temporal cortices, 11 delayed, and reduced activation of brain areas that are activated by word recognition 12 or delayed grapheme-phoneme association in the temporal-parietal cortex. 5 An important process that has been repeatedly found to be impaired in dyslexic subjects is the perception of speech sounds, and one of the most commonly studied correlates of speech perception is the mismatch negativity (MMN).
The MMN is generated by the automatic response of the brain to any change in auditory stimulation. This process is pre-attentive; hence, no attention is needed when performing the task, and, therefore, a practical method when studying children. In the classical passive oddball paradigm, a standard stimulus is presented with a high probability (at 85%) interspersed by single deviant stimuli with a probability of 15%. The MMN is only generated when a train of standard stimuli (at least 2-3) is presented, 13 and the interstimulus interval between standard and deviant is below 12 s. This means that a short-term memory trace is necessary for generating a MMN; however, a long-term memory process when discriminating between speech sounds was also found to be involved. 14 A high retest reliability 15 and stability 16 have also been reported. The MMN is a negative curve, obtained by subtracting the ERP to the standard stimuli from the ERP to the deviant stimuli. This negativity is predominately seen in the fronto-central and central scalp electrodes, peaking at 150-250 ms from change onset. 17, 18 This fronto-centrally predominant scalp distribution of the MMN is mainly explained by the sum of generator activity in supratemporal cortices of both hemispheres. 19, 20 Experiments using complex stimuli such as speech sounds, as opposed to simpler sounds such as sinus tones, detect a later MMN component, with a latency from 300 to 600 ms [8] [9] [10] [21] [22] [23] [24] [25] and a left lateralized topography of the speech MMN in young children, adolescents, and adults. 4, 8, 11, 24 In children at risk for dyslexia, a bilateral topography of the late speech MMN was found suggesting lateralization differences of this component in dyslexic children 24 and a predictor for word reading in fifth grade children. 8 This late MMN component was suggested as a correlate for reduced auditory memory span 25 and a more specific correlate for linguistic processing. 21 Speech processing depends on the rapid integration of a complex set of acoustic features such as amplitude, frequency, duration, and rapid changes of speech signals. A speech-processing deficit has been found in a large subgroup of dyslexic individuals. 4, 6, 9, 10, [26] [27] [28] Kraus et al. 26 reported an attenuated MMN to consonant-vowel combinations (/da/-/ga/) in dyslexics. We 9 have found an attenuated late MMN (300-600 ms; also referred to as the Late Discriminatory Negativitiy) 7, 29 in dyslexic children, aged approximately 12.5 years, to /da/-/ba/ consonant-vowel stimuli. In a subsequent study, we also reported attenuated MMN component for /da/-/ga/ in dyslexic adults. 10 Studies including babies at risk investigating speech perception repeatedly found evidence for an altered neurophysiological correlate for dyslexia. [30] [31] [32] The fact that the speech MMN is also altered in adult dyslexic individuals 10 strengthens the view that the speech MMN is an excellent candidate trait marker for an important perceptual process in dyslexia.
Evidence for investigating the MMN as a potential endophenotype in dyslexia comes from ERP studies in families of schizophrenic patients and from twin studies. Findings that the MMN amplitude is reduced in unaffected family members of schizophrenic patients, 33 in children at risk for developing schizophrenia, 34 and recent-onset patients 35 strengthen the usage of this electrophysiological component as a potential endophenotype for dyslexia research. Furthermore, the heritability of the MMN in healthy populations was found to be high for the peak and mean amplitudes, 0.63 and 0.68, respectively. 36 The authors also reported high retest reliabilities for both measures (peak amplitude: 0.67; mean amplitude: 0.66). In conclusion, the MMN can be a very useful endophenotype for research of susceptibility genes in dyslexia and for understanding their functions.
The aim of this study was to identify genetic correlates of the speech-processing deficit in dyslexia. We, therefore, investigated the auditory evoked potentials (speech MMN) in a large sample of 386 dyslexic children, using a genome-wide association-based approach. Our findings suggest a new candidate locus on chromosome 4q32.1 and allow us to formulate a patho-genetic model for neurophysiological endophenotypes of dyslexia.
Materials and methods

Subjects
Probands were recruited at the Departments of Child and Adolescent Psychiatry and Psychotherapy at the Universities in Marburg and Wü rzburg, Germany. Children with potential difficulties in reading or writing and children who had been diagnosed with dyslexia were referred to the investigators by parents, teachers, special educators, or practitioners. All parents and probands aged over 14 years gave informed written consent for participation in the study. All children participating in the study were of German descent. The ethics committees at each clinical site approved the study.
The proband's spelling ability was selected as inclusion criterion. This inclusion criterion was chosen because both clinical studies on dyslexia in Germany usually use spelling disorder as an inclusion criterion and our earlier findings are also based on this selection criterion (see . In brief, spelling was measured using an age-appropriate spelling test (writing to dictation), and an observed spelling score was calculated on the basis of an assumed correlation between the proband's IQ and spelling of 0.4. 38 Children were classified as 'affected' when this observed spelling score and the one expected according to IQ showed a discrepancy of X2 s.d. in the initial sample (mean = 2.65, s.d. = 0.45, range = 2.01-4.27) and a discrepancy of X1 s.d. in the replication sample (mean = 1.82, s.d. = 0.29, range = 1.10-2.87).
Families were excluded from the study when either the proband or a sibling presented symptoms of ADHD according to a standardized clinical interview with the mother. 41 Furthermore, families were not included if the proband presented a bilingual education, an IQ < 85, an uncorrected disorder of peripheral hearing or vision, a psychiatric or neurological disorder possibly having an impact on the were included in a replication sample. After the initial diagnosis of dyslexia, based on the spellingdiscrepancy score, and inclusion in the study, probands were further assessed on their performance in different cognitive aspects of the dyslexia phenotype. A battery of psychometric tests targeted word reading fluency, phoneme awareness, phonological decoding, rapid naming, short-term verbal memory, and orthographic coding, as described earlier. 40, 42 Both samples are also characterized by a low word reading (latency and accuracy) ability, by low phonological and orthographic processing, and by an impaired retrieval from the phonological lexicon as measured by a longer latency in rapid word naming. The replication sample, presumably based on the less strict inclusion criteria, is less impaired in comparison to the initial sample in these cognitive phenotypes. The distribution of these phenotypes in the two samples is shown in Supplementary Table 1.
ERP measures
EEG was recorded during a passive oddball paradigm with 1700 standard /da/ and 300 deviant /ba/ synthetic syllables. 9, 22 The stimuli were produced using a Klatt synthesizer. Stimulus length was 240 ms and interstimulus interval was 740 ms. In contrast to our earlier MMN studies, we selected a longer interstimulus interval to reliably register the later MMN component in an expected latency window from 300 to 700 ms. Subjects were seated in a comfortable chair in a quiet room. They were specifically instructed not to attend to the presented stimuli, and to aid them in this, a self-selected silent film was shown on a TV monitor.
The EEG was recorded with a Neuroscan amplifier at 250 Hz sampling rate at 29 scalp sites Fp1, Fp2, F7, F3, Fz, F4, F8, FT7, FC3, FCz, FC4, FT8, T3, C3, Cz, C4, T4, TP7, CP3, CP4, TP8, T5, P3, Pz, P4, T6, O1, Oz, O2 plus two additional EOG electrodes below the subjects' right and left eyes and an additional electrode at right mastoid. The reference electrode was placed at the left mastoid. The EEG was offline referenced to linked mastoids and filtered with a 0.53-40 Hz bandpass using the Brainvision Analyzer (www.brainproducts.com). Eye artifacts were corrected manually using independent component analysis, further artifacts were removed by excluding trials automatically with gradient and max-min criteria. Signals were averaged into epochs of 1100 ms, including a prestimulus baseline of 100 ms. The MMN was calculated as the difference between the averages of deviant and standard trials. Two components were identified through the grand average of the whole sample: MMNa (188-300 ms) and MMNb (300-710 ms) (Figure 1 ). Peak maximum amplitude in the above time window for MMNa and mean amplitude for MMNb were exported and analyzed with SAS software. For the two MMN components, the mean of nine electrodes over fronto-central sites (F3, Fz, F4, FC3, FCz, FC4, C3, Cz, C4) went into further analysis. The correlation between the two components, MMNa and MMNb, is low (r = 0.32 initial sample, r = 0.38 replication sample, Bravais-Pearson-correlation coefficient). We did not choose the first component of the difference curve because the first component, although overlapped by the MMN, is an exogenous N1 component.
SNP selection and genotyping
We performed a whole-genome association analysis in the initial sample using Illumina HumanHap300k Bead Chips. Each chip contained 317.503 genomic markers (single nucleotide polymorphism, SNPs) with a mean spacing of 7.9 kb between neighboring SNPs. Data were analyzed using BeadStudio, a software package provided by the manufacturer. SNPs with either a minor allele frequency < 5%, a call rate < 98%, or a deviation from Hardy-Weinberg equilibrium (Àlog10 (P-value) higher than 5 in the exact test) were removed from further analysis. A total of 297.086 SNPs (93.6%) passed these quality criteria and were considered for statistical analysis. As all individuals in the initial sample presented with a genotype call rate of at least 98%, no samples had to be excluded.
In the replication study, candidate SNPs were genotyped using a MALDI-TOF (matrix-assisted-laser desorption/ionization time-of-flight, Sequenom) system. For monetary reasons, replication SNPs as well as SNPs for different projects were multiplexed into four iPlex assays and analyzed on chips in 384-sample format. Genotype data were obtained using SpectroTYPER software v3.1 (Sequenom). To ensure data consistency, the same quality parameters as in the initial sample were administered. Two individuals had a genotype call rate below 98% and were excluded from further analyses. Additional SNPs for haplotype and interaction analysis were also genotyped using Sequenom iPlex reaction. All sequences and protocols are available on request.
Statistical analysis
Statistical association analysis was performed using analysis of variance as implemented in the WGPermer software, with at least five individuals per genotypic group (http://www.wg-permer.org/), based on the quality criteria described above. Interaction P-values and F-tests for comparison of variances were assessed in R (http://www.r-project.org/). Haplotype tests were performed with PLINK (http://pngu.mgh. harvard.edu/~purcell/plink/).
Expression analysis
Databases. Possible evidence for association of rs4234898 and rs1110040 with regulatory effects on gene expression was checked in three publically available databases: the mRNA-by-SNP-browser (http://www.sph. umich.edu/csg/liang/asthma/) from Dixon et al. 43 and Moffat et al. 44 , the GENEVAR database (http://www.sanger.ac.uk/humgen/genevar/) from Stranger et al., 45 and the data from Myers et al.
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(http://labs.med.miami.edu/myers/LFuN/data.html).
Cell culture. EBV-transformed B-lymphoblastoid cell lines from 17 dyslectic children were grown on RPMI-1640 medium (Biochrom AG, Germany) in the presence of FCS (27%), L-glutamine (2 mM), sodium pyruvate (1 mM), penicillin/streptomycin and amphotericin B. DNA was extracted using Blood&Cell Culture DNA Mini Kit (Qiagen). RNA was isolated three times at three independent time points for each sample, using the RNeasy Micro Kit (Qiagen). In addition, we had access to DNA and RNA extracted from adult blood donor controls. For each sample, quantity and quality for both, RNA and DNA, were assessed on a NanoDrop ND-1000 spectrophotometer. We sequenced genomic DNA to ensure genotypes for rs4234898. PCR products (F: 5 0 -cgaagaagctggaattttgg-3 0 , R: 5 0 -gtgcagacagcaggaatgaa-3 0 ) were purified by AMPure (Agencourt) and subsequently amplified with the BigDye Terminator v3.1 Cyle Sequncing Kit (ABI), using the same primers as for the PCR (3.2 pmol). CleanSEQ-purified products (Agencourt) were analyzed on a capillary sequencer (3130 Genetic Analyzer, Applied Biosystems), and data analysis was performed using ChromasLite 2.0.
For each sample, 500 ng of RNA were used to synthesize cDNA by SuperScript III First-Strand Synthesis for RT-PCR (Invitrogen), using Oligo(dT) primers. cDNA was analyzed on the ABI Prism 7900HT Fast Real-Time PCR System (Applied Biosystems) using a customary designed TaqMan Gene Expression Assay (Applied Biosystems) for SLC2A3 and TaqMan Endogenous Controls Human Cyc (Cyclophilin, 4326316E). We performed the geneexpression assay in a 20 ml reaction volume applying 1 ml cDNA as template. For each of the samples, expression analysis was performed in three independent experiments. Each sample was assayed in triplicates and expression was normalized using cyclophilin. Relative quantities were calculated by the Ct (Cycle threshold) method as described by the manufacturer.
Results
Single-marker analysis All SNPs that passed our quality control criteria were tested for association with the two MMN components, MMNa and MMNb, in the initial sample. Two association results with MMNa were genome-wide significant after correction for multiple testing (rs1365152: P nominal = 4.27eÀ08 allelic model, P corrected = 0.013, rs2114167: P nominal = 1.17eÀ07 allelic model, P corrected = 0.035). Both SNPs lie within the genomic locus of CLSTN2 on 3q23. LD between the SNPs is high (D 0 = 1, r 2 = 0.91) indicating that they depict the same effect. MMNb was not associated with any of these two SNPs. None of the other SNPs withstood correction for multiple testing. We identified 17 additional SNPs with nominal P-values < 1eÀ05 with at least one of the two components of the MMN.
A total of 19 SNPs with nominal P-values < 1eÀ05 was taken forward into a replication step. Information on the chosen SNPs is shown in Supplementary Table 2. In the replication sample, only rs4234898 was nominal significantly associated with MMN components, namely MMNb (P = 1.46eÀ03 carrier T model) and withstood correction for testing of 19 SNPs (P corrected = 0.028). None of the other SNPs were significantly associated in the replication sample (see Table 1 ).
To increase power, we combined initial and replication samples. For rs4234898 only, a lower P-value in the combined, compared with the initial sample, was obtained. This finding can be regarded as replication. 47 In the combined sample, the association P-value for rs4234898 decreased to 1.44eÀ07 in the allelic and 5.14eÀ08 in the carrier T model. Both P-values were genome-wide significant (P corrected = 0.043 allelic model, P corrected = 0.015 carrier T model). The genotypic distribution for rs4234898 and MMNb is shown in Table 2 . In both samples, individuals that are homozygous for the C-allele showed larger MMNb responses than individuals who carried at least one copy of the T allele (see Figure 2 ). Only 1% of the individuals were homozygous for the T allele. This is in concordance to the CEU individuals included in the HapMap database (http://www.hapmap.org/) in which this frequency is below 1%. 
Multiple-marker analysis
To further explore the effect of rs4234898 on MMNb, we considered haplotypes and interactions with SNPs lying in its vicinity. For this, we chose 40 SNPs, which are located in direct distance to rs4234898 on the Illumina HumanHap300k, namely 20 SNPs in telomeric and 20 SNPs in centromeric direction of rs4234898.
We calculated interaction P-values for two-marker combinations between rs4234898 and each of those SNPs in the initial sample. SNPs with nominal significant interaction P-values were also genotyped and tested for interaction in the replication sample. No consistent, persuading results were found (data not shown).
Haplotypic effects of these SNPs were tested using a sliding window approach. We calculated P-values for all windows including rs4234898, up to a window size of five SNPs. The rs4234898 and rs11100040 formed the most significant haplotype in the initial sample (P = 2.79eÀ06 for TT combination). In the replication sample, the P-value for the TT combination was also significant (P = 5.77eÀ03). In the combined sample, the association P-value for the haplotype TT decreased to P = 6.71eÀ08 (see Supplementary Table 3 ). Increasing the window size did not improve the significance.
Statistical dependence between rs4234898 and rs11100040 is present, but clearly not complete (r 2 = 0.48 in both samples). In addition, in each of the samples, rs11100040 is significantly associated with MMNb (P = 6.0eÀ04 in initial sample, P = 0.03 in replication sample, P = 5.31eÀ05 in the combined sample, allelic model). No significant interaction effect between both SNPs concerning MMNb is present (P = 0.57 in initial sample, P = 0.76 in replication sample). 
Gene expression
Rs4234898 is located in a gene desert on chromosome 4q32.1. To assess possible regulatory effects of rs4234898, we used results from publically available data sets. Dixon et al. 43 provide genome-wide Affymetrix-expression data from lymphoblastoid cell lines of 400 children, in correlation to their individual genotypes, assessed on Illumina 300K and Illumina Sentrix Human-1. These data are available online using the corresponding graphical interface 'mRNA-by-SNP-browser'. In this dataset, probe 202497_x at showed the most significant association (P = 1.1eÀ05) with rs4234898. It was shown that the C-allele of rs4234898 was associated with a higher abundance of the probe in the examined tissue. The 202497_x at detects a transcript of SLC2A3 on chromosome 12p13.3, a brain-expressed member of the facilitative glucose transporter family. Five other probes, also representing partial transcripts of SLC2A3, were also significantly associated with rs4234898, with P-values ranging from 4.7eÀ05 to 1.5eÀ04. Overall, seven individual probes for SLC2A3 were available. In addition to these, two combined probes, each averaged over three individual probes, were present and showed significant association with rs4234898 (8.5eÀ05 and 5.5eÀ06, respectively).
Those results pointed toward the presence of a trans-regulational effect of rs4234898. However, because of the large number of uncorrected genomewide data, the findings needed to be replicated. We, therefore, aimed at clarifying the regulatory effects of rs4234898 on SLC2A3 expression in a cell culture experiment using EBV-transformed cell lines prepared from peripheral blood of our dyslexic children. In total, 17 cell lines were included in the functional assay (10 from individuals carrying the T allele CT/TT, 7 were homozygous CC for SNP rs4234898). We measured the abundance of SLC2A3 transcripts in these cell lines using quantitative Real-Time-PCR (TaqMan) and compared SLC2A3-expression levels between the two groups. For each individual, SLC2A3-expression levels measured in three different experiments were available. To be sure that the time point did not have any influence on the measurement, we performed an analysis of variance. We used a factor variable, coding the time point of the measurement, as the independent and measured expression levels as the dependent variable. This yielded a P-value of 0.13, indicating no association between time point and expression level. In the final analysis we, therefore, used the mean value of the three measured expression levels.
In our cell culture experiment, we detected a significant lower expression of SLC2A3 in individuals carrying at least one T allele, in comparison to non-T-carriers (P = 0.028 Wilcoxon test). This is in concordance to Dixon et al., 43 in which individuals with at least one T allele showed a lower expression of SLC2A3 compared with individuals who were homozygous for the C-allele. To strengthen our result, we randomly permuted the carrier T-status in the 17 tested individuals and recalculated the P-value. In 226 out of 10 000 permutated data sets, the P-value was lower than in the real data set, resulting in an empirical P-value of 0.023 (95% CI = 0.020-0.026). This result indicates that the significant difference in the expression level of SCL2A3 in both groups is a real signal and not a false-positive result.
We hypothesized that other SNPs might also influence expression of SCL2A3 and should also be associated with MMN in our sample. We, therefore, identified all SNPs that were significantly associated with expression of at least two probes for SLC2A3 in the mRNA-by-SNP-browser. These SNPs are listed in Supplementary Table 4 . Besides rs4234898, only rs11100040 was significantly associated with different expression of six probes of SLC2A3, whereas all other SNPs showed association in less than six probes. This finding is in concordance with our earlier haplotype analysis, as both SNPs form a significant haplotype block in the association analysis of MMNb. We tested the same haplotype block for association with expression levels of SCL2A3 in our cell lines. Here, we compared individuals with an unambiguous TT haplotype for rs4234898-rs11100040 (n = 4) to all other individuals (n = 13). Individuals carrying a TT haplotype showed a significant lower expression (P = 0.005, one-sided Wilcoxon test). However, as the group of individuals carrying the haplotype TT consisted of only four individuals, we permuted the haplotype TT status and again recalculated the P-values to exclude falsepositive findings. A total of 55 of 10 000 permutations yielded better results than the original dataset. The empirical P-value of 0.005 (95% CI = 0.0042-0.0073) indicates that SLC2A3 is expressed lower in carriers of the TT haplotype than in other individuals.
The present data suggest that a trans-regulational effect of rs4234898 and rs11100040 on SLC2A3 in dyslexic children might be present. To check whether this trans-regulation is still present in adults, we analyzed the expression levels of SCL2A3 in RNA from blood samples of 37 adult individuals. We could not detect any association of mRNA levels with rs4234898 in these data. A second adult data set 45 yielded no positive results either, indicating that our findings might be restricted to children. In a third data set, 46 neither rs4234898 nor rs11100040 was available. Other SNPs in the same genomic region show only low LD in the range of 0.01-0.5 to rs4234898 and rs11100040, making it difficult to use these data for confirmation of our results.
Discussion
In earlier studies, we and others found that the late component (300-600 ms) of the speech MMN, here called MMNb, is correlated with dyslexia 4, 6, 9, 10, 26, 27 and with a risk for dyslexia. 8, 24 MMNb was suggested to be a correlate of reduced auditory memory span, whereas the earlier component, here called MMNa, might index poor detection of differences in speech. 25 We tested for association of central auditory speech processing (speech MMN) in a whole-genome data set of 200 dyslexic children. A total of 19 SNPs showing the most significant P-value were replicated in a second sample of 186 children with dyslexia.
The rs4234898 was significantly associated with MMNb in both samples (P = 6.20eÀ06 initial sample, P = 1.46eÀ03 replication sample). The association result in the combined sample withstood genomewide correction for multiple testing (P = 5.14eÀ08 carrier T model, P corrected = 0.015). The rs4234898 lies within a genomic desert region, with the nearest genes (CTSO, TDO2, PDGFC) being > 150 kb away. None of these genes show evidence for brain-specific expression or function, nor are any of these genes known to be related to neurophysiological phenotypes.
MMNb is a measurement, which is averaged over nine electrodes. To investigate whether the identified effect is only present in this region, we associated the measurement of each of the available 24 electrodes individually with the genotypic distribution of rs4234898. All nine electrodes of the original MMNb measurement were significantly associated with rs4234898, withstanding Bonferroni correction for 24 electrodes. All but one of the measurements for the other electrodes (F8, also a fronto-centrally located electrode) failed to meet this criterion. The identified effect, therefore, seems to be specific for the fronto-central electrodes chosen for MMN analysis. The corresponding p-map is shown in Supplementary  Figure 1 .
Two genome-wide significant SNPs, both associated with MMNa and in high LD to each other, were also identified. They are located in calsyntenin 2, CLSTN2, a post-synaptic modulator expressed in brain. However, this finding could not be replicated in our second, independent sample. On the basis of empirical evidence that severity of impairment has an impact on association results, 40 we analyzed this potential influence on the components of the MMN and tested for association between severity of dyslexia, that is difference between expected and observed spelling score, and MMN components. Although no association between severity and MMNb is present (in initial sample P = 0.80, in replication sample P = 0.918), the degree of impairment has a significant influence on MMNa in the initial sample (P = 0.034 in initial sample, P = 0.965 in replication sample). We, therefore, conclude that the genome-wide significant effects on MMNa found in the initial sample might only be seen in children who are severely affected with dyslexia. As the children in the replication were less severely affected, the findings on MMNa could not be replicated. Nevertheless, CLSTN2 remains a promising candidate gene also for dyslexia because SLC2A3 as a susceptibility gene for neurophysiological endophenotypes in dyslexia D Roeske et al genetic variation within this gene has been found to be associated with verbal working memory, 48 and this cognitive process is repeatedly found to be impaired in dyslexic subjects. [49] [50] [51] We, therefore, concentrated on rs4234898 and to further elucidate its function, we checked whether alleles of rs4234898 were associated with significant expression level changes of some other genes, indicating a possible trans-regulatory impact. Expression analysis using public available data based on Dixon et al. 43 yielded evidence for such an effect on SLC2A3, the predominant facilitative glucose transporter in neurons. 52 We could confirm trans-regulation of SCL2A3 in EBV-transformed blood cell lines from dyslexic children, with individuals carrying at least one T allele showing lower expression of SLC2A3 (P = 0.028 one-sided Wilcoxon test).
Apart from rs4234898, also rs11100040 was significantly associated with six probes of SLC2A3 in the data of Dixon et al. 43 Interestingly, these two SNPs form a haplotype window, which is associated with MMNb (P = 2.8eÀ06 for TT combination in initial sample, P = 5.8eÀ03 in replication sample, P = 6.7eÀ08 in combined sample). Statistical dependence between these SNPs is present but not complete. There is also no significant interaction effect between these SNPs.
In the EBV-transformed cell lines, individuals carrying the rs423489-rs11100040-TT haplotype also showed lower expression levels than individuals without the TT haplotype (P = 0.005 one-sided Wilcoxon test). The two-marker haplotype is more significantly associated with the expression levels of SLC2A3 as compared with rs4234898 alone.
SLC2A3 (also called GLUT3) belongs to the family of facilitative glucose transporters strongly expressed in brain. Its gene product has been shown to be present in neurons and in region of neuropil in which it provides energy for synaptic transmission. 53 In a mouse study, Mantych et al. 54 presume that GLUT3 has a function in axonal and/or dendritic transport. Owing to the high sequence similarities within the SLC2A family and because of the sequence of the probes, not all of the probes used within Dixon et al. 43 are exclusively binding at SLC2A3, instead they might also detect transcripts of other genes of the SCL2A group. Therefore, in our cell culture experiment, we designed the probe in a 5 0 region that is specific for SLC2A3 and distinguishes this specific variant from other members of the family. Given the fact that we see similar effects with this specific probe, our hypothesis that real trans-regulation effects are present is further strengthened.
Although the findings from two studies, Dixon et al.'s 43 and ours, provide convincing evidence for a regulatory impact of rs4234898 on SLC2A3 in children, we were not able to show this same effect in adults. Neither the data by Stranger et al., 45 nor the blood samples of 37 non-dyslexic adults yielded evidence for the presence of such an effect. This suggests that the trans-regulational effect of the rs4234898-rs11100040 haplotye is specifically restricted to children. This seems to be a striking finding, and there are indeed several arguments that strengthen this hypothesis of a children-specific effect.
First, it has already been shown in mice that the expression levels of SLC2A3 vary between developmental stages, with low amounts during prenatal phases and a maximum in the first 2 to 3 weeks after birth. Thereafter, mRNA levels of SLC2A3 in mice decline and then stay at a constant level during adulthood. 55 Interestingly, the time point of maximal SLC2A3 expression is directly correlated to the stage in which synaptogenesis takes place in the murine brain (for example see Refs 56, 57) . In human beings, synaptogenesis begins during embryonic development and continues at high rates until approximately 2 years of age. Thereafter, until adolescence, unused synapses are degraded and the general synaptic density steadily decreases. 58, 59 However, the plasticity of synapses is reorganized during that time, with new branches that form and new synaptic connections are established (for example see Ref 60) .
Second, studies using positron emission tomography in human beings have shown that the cerebral usage of glucose rises from birth to 4 years of age to a level, which is then maintained until approximately 10 years of age. Reaching age 10 and older, the metabolic rates of glucose usage gradually decline.
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SLC2A3 being the major glucose transporter in neurons, these findings give further support for a trans-regulational effect being limited to human childhood. Summarizing the present data, it can be suggested that cell migration processes such as axon elongation, branching of synapses, or formation of synaptic connections requires an increased demand of glucose in the human brain, and that these processes take place in 4-10-year old children and not in adults. The increased need of energy results in an elevated expression of SLC2A3, which is in concordance with earlier findings. 62, 63 The restriction of the trans-regulation effect to the age of young children corresponds also to the neurophysiologic findings of speech perception in dyslexia. Even in 6-month old babies at risk for dyslexia, an altered ERP component elicited by consonant-vowel in a passive oddball paradigm enlarge the risk for later reading and spelling problems. 31 The expression analyses conducted in this study or that are available in the databases refer to genetic expression in cells or cell lines that were extracted from blood. It is not clear whether the present direct effect of rs4234898 genotype on SLC2A3 expression levels can be directly applied to the human brain. Recently, the first study correlating genome-wide expression data with individual genome-wide genotypes in post-mortem human cortical brain samples was published. 46 Although those data are based on adult samples and we, therefore, did not expect large trans-regulational effects, we checked whether SLC2A3 is differentially expressed in this database. Unfortunately, neither rs4234898 nor rs11100040 are available in this data set because of the different SNP contents of Illumina and Affymetrix chips. However, six other SNPs that are present in this database locate in the vicinity of our two associated SNPs, ranging from 500 bp to 13 kb in distance. The LD between either of these six SNPs and rs4234898 (respectively rs11100040) is very low, (0.001 < r 2 < 0.5), making it difficult to transfer findings from these data straightforward to our results.
An interesting aspect in our study is that genetic variation on chromosome 4 (rs4234898) regulates the expression of a gene (SLC2A3) located on chromosome 12. Recent genome-wide data revealed that trans-regulated genes can be found widespread in the human genome; however, their abundance compared with cis-effects is either low or can only be detected in larger samples. 43, 46, 64 Several possible mechanisms for trans-effects have been suggested, for example interchromosomal interactions during gene expression. Here, loci or genes on different chromosomes can actually locate close to one another in their threedimensional space of the nucleus. Therefore, loci and genes linked through trans-regulation might actually be not very far apart considering possible 'chromosome kissing'. 65 This being a direct effect of the two loci, it is also possible that our findings result from an indirect effect between genotype and gene. The rs4234898 could be responsible for a transregulational cis-effect by a so far unidentified mediator located on chromosome 4. This mediator might bind to promoter regions of SLC2A3, thus mediating the effect of rs4234898 indirectly. Such an unknown mediator or direct target of the rs4234898 genotype could be very restricted in spatial expression, for example limited to brain structures, which would explain why we did not detect another regulatory effect other than on SLC2A3 in the databases. The regulation of SLC2A3 expression by trans-activators has indeed already been described: Rajakumar et al. 66 showed that the nuclear factors Sp1 and Sp3 regulate the transcription of GLUT3 in cultured murine neuroblast cells, and pCREB (phosphorylated cyclic AMP-regulatory element binding) and MSY-1 (mouse Y box-binding protein-1) were additionally identified as activators in vivo and in vitro of GLUT 3 during neurodevelopment. 67 In addition, the brain-derived neurotrophic factor BDNF has also been found to increase GLUT3 expression in murine developing cortical neurons. 68 BDNF, which is not expressed in blood and could, therefore, not be analyzed in our study, is thus one candidate gene for an indirect effect of rs4234898.
The significance of these findings for dyslexia research could be the identification of a memorybased perception deficit. The MMN depends on a short-term memory trace in the auditory cortex representing the repetitive aspects of the preceding auditory events. 17 Thus, the MMN represents the correlate of a passive discrimination process in which the deviant event is found to be incongruent with the memory representation of the preceding stimuli. Interestingly, SLC2A3 is also expressed in the hippocampus 52 in which neurons were postulated as functionally relevant for the MMN. 69 The underlying neurobiological correlate of this memory-based speech perception deficit could be a reduced local cerebral glucose usage. This hypothesis is supported by animal studies and studies of patients suffering from Alzheimer disease. Liu et al. 70 showed that a decreased level of GLUT3 might cause impairments in the glucose uptake and metabolism in the brain of patients suffering from Alzheimer disease.
Children who are homozygous for the C-allele at rs4234898 show a significantly higher variance in the expression of SLC2A3 than children who carry at least one T allele (P = 0.0014, one-sided F-test for comparison of variances). The distributions of the expression of SLC2A3 are significantly different between the carrierT and non-carrierT-group (P < 2.2eÀ16, twosided Kolmogorov-Smirnov test). One might hypothesize that the T allele of rs4234898 keeps SLC2A3 on a uniform expression level, indicating that the gene cannot be regulated actively in these individuals. In adults, the differences in the variability in the expression levels of SLC2A3 is not that high anymore and depicts at most a trend (P = 0.07 in the cell lines of healthy adults) or even goes in the different direction (P = 0.20 in the Stranger dataset). These data lead to the hypothesis that in processes such as speech perception, which need a high level of glucose, SLC2A3 can possibly not be regulated upward and that this impairment is only present in children. Of course, further experiments will be needed to confirm this hypothesis, and would be ideally conducted in children of different ages.
The question is what consequences such a glucose deficit might have. Suh et al. 71 conducted experiments with rats that had been exposed to hypoglycaemia. These animals showed slowing and increased amplitudes in the EEG and paroxysmal activity. Six weeks after hypoglycaemia, these rats had significant learning and memory deficits in a water maze experiment compared with rats that had not been exposed. Langan et al. 72 associated hypoglycaemia with cognitive impairment in patients suffering from insulin-treated diabetes mellitus. Patients with five or more hypoglycaemic episodes were significantly slower in their decision and movement time.
These findings suggest that reduced glucose levels might influence the memory performances necessary for speech perception in dyslexic subjects. Children with reduced SLC2A3 levels possibly react slower to the odd stimuli and show a lower amplitude of the speech MMN because of glucose deficits. Larger samples will be needed to strengthen this hypothesis. Hypoglycaemia is a very general symptom, so it is probable that it affects not only MMN, but also other processes, which are based on memory performance and which require high levels of glucose, such as rapid naming. Another important point is that hypoglycaemia might of course not only be regulated SLC2A3 as a susceptibility gene for neurophysiological endophenotypes in dyslexia D Roeske et al by SLC2A3, but also other genes could be involved in this process. It would be interesting to study this in more detail in future experiments.
Taken all data together, our findings provide strong evidence for an association of rs4234898 and an electrophysiological endophenotype, namely MMNb, in dyslexic children. This study gives further evidence for a late MMN component to be relevant for the etiology of dyslexia and might explain whether speech perception in kindergarten children is predictive for later reading and spelling development. 8 On a functional level, the locus is suggested to mediate its effect through regulation of the expression of SLC2A3, a member of the glucose transporters expressed in brain. It has been shown that the associated effect is relevant in human childhood, when an increased amount of glucose substrate is needed because of the formation of synaptic connections and branching. To our knowledge, this is the first genome-wide association study showing the interaction of gene expression and a neurophysiological endophenotype in dyslexia.
